The Tityus serrulatus scorpion is considered the most dangerous scorpion in Brazil and is responsible for several cases of human envenomation annually. In this study, we performed transcriptome profiling of the T. serrulatus venom gland. In addition to transcripts with housekeeping functions, such as those related to protein synthesis, energy supply and structural processes, transcripts from thirty-five families of venom peptides or proteins were identified. These transcripts included three new complete sequences of toxins and more than a dozen putative venom gland proteins/peptides. The venom gland transcriptome profile was verified by comparison with the previously determined proteomic profile. In conclusion, this transcriptome data provides novel insights into the putative mechanisms underlying the venomous character of T. serrulatus. The collected data of scorpion transcripts and proteins/peptides described herein may be an important resource for identifying candidate targets of molecular therapies and preventative measures.
INTRODUCTION
In 2007, the World Health Organization (WHO) officially designated human envenomation by scorpion sting as a neglected public health issue and recommended urgent international action with a focus on the tropical regions where these venomous animals are abundant. In Brazil, scorpion stings have been recognized a serious public health threat for many decades; yet, the annual incidence of accidental stings remains high, with more than 50,000 cases reported in 2010 [1] . The most frequent culprit among the cases of human envenomation by Brazilian scorpions is the Tityus serrulatus of the Buthidae family [2, 3] . As such, this species (known commonly as the Brazilian yellow scorpion) has been the subject of extensive research efforts to isolate and characterize its toxins and other venom components for potential clinical benefit [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] .
Analyses of T. serrulatus venom have revealed a complex mixture of functionally diverse molecules, including neurotoxins, proteases, hyaluronidases, and hypotensins [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Of these, the neurotoxins are believed to play a key role in the pathogenesis of scorpionism through their interactions with sodium channels and potassium channels (as reviewed by Cologna et al. [3] ). However, to gain a more in-depth and comprehensive understanding of the molecular components of the T. serrulatus venom gland, the gene expression profiling is necessary.
Transcriptomic analyses of the scorpion venom gland have been performed recently for species belonging to various scorpion families, including Buthidae (T. stigmurus and Centruroides noxius), Scorpiopidae (Scorpiops margerisonae and S. jendeki), Scorpionidae (Pandinus cavimanus and Heterometrus petersii), Iuridae (Hadrurus gertschi), and Liochelidae (Opisthacanthus cayaporum) [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . Transcriptomes have provided important insights into the biological processes that are taking place inside venom gland cells [15, 18, 19, 26] , as well as identified new genes and expression patterns that form the basis of functional genomics studies [27, 28] . Such data for the venom glands of different species represents a resource of potential toxinological and clinical relevance [29, 30] .
In the current study, the molecular complexity of T. serrulatus venom was investigated by transcriptome profiling of the venom gland. This approach identified the main cellular components and revealed new putative venom constituents, some of which may be candidate targets of new therapeutic strategies to help promote the health of sting victims.
glands of 60 T. serrulatus scorpions that had been milked two days prior to the RNA extraction, as previously described [31] .
Expressed Sequence Tag (EST) Sequencing, Data Processing, and Bioinformatic Analysis
For large-scale DNA sequencing (EST generation), random clones were grown in antibiotic selective medium for approximately 18 h. The plasmid DNA was then isolated using the standard alkaline lysis method and sequenced on an ABI 3130 sequencer with reagents from the BigDye Sequencing Kit (Applied Biosystems Inc., Foster City, CA, USA) and the standard M13 forward or reverse primers. The resultant trace files of the sequenced clones were applied to the Phred program for base calling and quality scoring using a Phred score cut-off value of 20 [32] . The nucleotide sequences corresponding to vector, adaptors, and Escherichia coli DNA, and any short transcripts (<100 pb) were removed by the SeqClean program [33] (http://compbio.dfci.harvard.edu/tgi/software). The final sequences were deposited in GenBank under accession IDs JK731601-JK732954. The TGICL program [34] was used to assemble high-quality ESTs into contigs (overlapping ESTs that together represent a consensus sequence). Any ESTs without significant similarity to any other ESTs were classified as singlets. Considering the diversity of scorpion toxins, those clusters putative to encode venom peptides were re-examined manually to pick out individual different isoforms. The electropherogram of each putative isoform was visually inspected to confirm the sequencing quality in the polymorphic region.
To annotate the contigs, the set of contigs plus singlets (collectively designated as "uniques") were searched against the UniProt database [35] (March 2011) using the BLASTx [36] (e-values < 1 × 10 -10 ) and nr database using BLASTx (e-values < 1 × 10 -10 ) in the BLAST2GO program [37] . Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis [38] was also performed. The toxin nomenclature was assigned according to the recommendations of King et al. [39] and Cologna et al. [3] .
Amino acid sequence of the transcripts was deduced using the open reading frame (ORF) Finder program (http://www.ncbi.nlm.nih.gov/projects/gorf/). Subsequenty, the Seed Server (unpublished, Guedes et al.) was used to search for venom component orthologs. Briefly, the Seed Server methodology uses a protein of interest to group homologues by means of Seed Linkage software [40] and UniRef50 Enriched KEGG Orthology (UEKO) clusters built with the procedure described by Fernandes et al. [41] . The sequences used for alignment analysis were retrieved from the UniProt database and the alignment was performed by webPrank [42] and visualised by the Jalview program [43] . Peptide signal prediction was carried out for putative venom components by using the SignalP 4.0 program [44] .
RESULTS

EST Sequencing and Clustering
A total of 1629 high-quality ESTs were generated from the T. serrulatus venom glands. The average length of these ESTs was 421 bp. TGICL-based clustering of the 1629 ESTs yielded 185 contigs (= 1171 ESTs). The average length of these contigs was 625 pb. Four-hundred-and-fifty-eight ESTs showed no significant similarity to any other ESTs in the database and were identified as singlets.
T. serrulatus Venom Gland Transcript Profile
The BLASTx searches against the UniProt database indicated that among the 643 uniques (185 contigs and 458 singlets), 54% (348 uniques representing 1259 ESTs) encoded precursors of known proteins. The remaining 46% (295 uniques representing 370 ESTs) had e-values >1 × 10 -10 and were thus designated as having no match. These no-match transcripts may represent new proteins or peptides.
Cellular localisation and function analyses classified the uniques-and ESTs-deduced products into 10 categories; the distributions of which are shown in Figures 1(a) and (b). The most frequently represented functional categories among the cellular components in T. serrulatus venom gland were: Protein synthesis and processing, structural function, and energy supply.
Housekeeping Genes
When considering only the ESTs that presented similarity with sequences in the database, about 40% of ESTs were related to cellular components. KEGG analysis (corroborated with manual annotation; Table 1) indicated that the most frequently represented pathways were also involved in protein synthesis and processing (ribosome and protein processing in the endoplasmic reticulum), structural processes (cardiac muscle contraction-important to venom release; regulation of actin cytoskeleton), and energy supply (oxidative phosphorylation). The automated KEGG pathway analysis and manual annotation method yielded similar but not identical results, likely due to the different rules of each approach used to categorize the transcript products.
By manual annotation, the most frequently represented functional categories were protein synthesis and pro cessing ( Several transcripts expressed in the venom gland of T. serrulatus were identified as structural components, which may be involved in the maintenance of gland structure and/or contractile activity that mediates venom release. In particular, transcripts were found that encoded actin (16 ESTs), troponin (11 ESTs), myosin (eight ESTs), alpha tubulin (seven ESTs), paramyosin (15 ESTs), and five other ESTs specifically related to cytoskeleton organisation.
The synthesis of venom is considered an energetically costly process. About 5% of the ESTs (8% of uniques) aligned with mitochondrial proteins encoded by nuclear DNA. The majority of these transcripts were related to energy production; in particular transcripts were found that encoded cytochrome c oxidase (17 ESTs), NADHubiquinone oxidoreductase (15 ESTs), ATP synthase (11 ESTs), and cytochrome b (6 ESTs).
ESTs Related to Venom Components
Five-hundred-and-ninety-four of the ESTs comprised 51 clusters and coded for 35 different families of peptides or proteins related to venom components ( Table 2) . Except for the incomplete sequences (indicated by asterisks in Table 2 ), all transcripts had signal peptides. The most abundant and diverse venom transcripts (Figures 1(d)-(e) ) encoded neurotoxins (sodium channel toxins or NaTxs and potassium channel toxins or KTxs). In addition, a wide variety of transcripts encoded secreted peptides and proteins. The components that were abundantly expressed included the Pape peptide, similar to bradikinin-potentiating peptide or BPP (UniProt ID: P86821), antimicrobial peptide (AMP), metalloproteases (zinc metalloproteases [UniProt ID: P85842] plus antareases [UniProt ID: P86392]), non-toxic protein NTxP (TsNTxP; UniProt ID: O77463), anionic peptide and hypotensin (UniProt IDs: P84189 and P86824); however, phospholipase A2, hyaluronidase (UniProt ID: P86821), allergen (UniProt ID: P85840) and some cysteine-rich peptides were less frequently expressed.
New Venom Components of T. serrulatus
Although T. serrulatus venom has been extensively studied, the current transcriptome analysis revealed at least three complete sequences of new potential toxins and more than a dozen new venom components ( Table 2) . The complete sequence of some of these are detailed below and presented in Figures 2-5 . It is important to note that still other new venom components may be represented by those sequences that were designated as nomatch (see the Discussion for more detail).
Sodium Channel Toxins
Three of the known major NaTxs of T. serrulatus venom, Ts1, Ts2 and Ts3, were found in the current transcripttome analysis. Although the Ts5 toxin was not found in this study, a probable new NaTx that is similar to Ts5 (P45659; identity = 86%) was found (designated as Ts17; U-BUTX-Ts1a). Figure 2(a) shows the alignment of the Ts17 sequence with Ts3 (UniProt ID: P01496), Ts5, and other orthologs. In addition, five ESTs matched significantly with the U1-buthitoxin-Hj1a (identities = 63%), a predicted NaTx derived from Hottentotta judaicus, and the T. serrulatus sequence was named Ts18 (U-BUTX-Ts1b) (Figure 2(b) ). 
Potassium Channel Toxin
Among the KTxs identified in T. serrulatus venom, Ts6, Ts7, Ts8, Ts15 and Ts16 had been previously identified. However, the Ts9 was not found in this study. The potassium channel toxin beta-KTx 2 (UniProt ID: P69940) had been previously identified by proteomic analysis and deposited as peptide fragment [30] ; however, our analysis identified its precursor (designated as Ts19; U-BUTX-Ts1c) and its orthologs (Figure 2(c) ).
Other components
hypotensins. Second only to the neurotoxins, the Pape peptide was the most highly expressed transcript in the T. serrulatus venom gland transcriptome. The Pape peptide (UniProt ID: P86821) was previously identified by proteomic analysis and deposited as a peptide fragment [30] . The complete sequence of the peptide precursor and its orthologs are shown in Figure 3 . While the signal peptide is highly conserved among these peptides, the N-terminal region is moderately conserved and the C-terminal region shows very little conservation.
The category "other components" included non-neurotoxic venom components that had been previously described for T. serrulatus as well as potential new venom components harbouring signal peptides and/or showing similarity to venom constituents of other scorpion species ( Table 2) . However, more evidence is needed to confirm the occurrence of these protein and/or peptide in T. serrulatus venom. It is possible that the expression of some of these secreted components is restricted to the venom gland (for example, secreted components in connective tissue of this organ). Here, we summarize the data of new sequences for highly-expressed transcripts, including the Pape peptide, AMPs, anionic peptides, and Sequences of AMPs and anionic peptides were abundant in the venom gland transcriptome of T. serrulatus, indicating that these components may play important roles in the function of this organ. The complete se- (Figure 4(a) ).
In addition, two ponericin-like sequences were found and presumed to be antimicrobial peptide (Figure 4(b) ). In this study, 18 ESTs encoded the same sequence of anionic peptide (Figure 4(c) ). Anionic peptides have been previously reported as highly expressed and conserved among the Buthidae scorpion species [17, 23] . Although the function of these peptides remains unknown [45] , some researchers have suggested that they might play antimicrobial activity [46] or an important role in pH balance, since neurotoxins are basic peptides [18, 22] . Hypotensins were identified in T. serrulatus venom gland transcriptome. These random-coiled linear peptides are characterized by the bradykinin-potentiating peptide amino acid signature [13] . Of the three sequences in the UniProt database (hypotensin-1, UniProt ID: P84189; hypotensin-2, UniProt ID: P84190; hypotensin-like peptide, UniProt ID: P86824), the complete sequence of hypotensin-like and hypotensin-1 precursors were identified (Figure 5 ).
DISCUSSION
Transcriptome Profiling Has Provided Comprehensive
Information of venom glands, accelerate the discovery of their peptides and proteins [47] . Currently, 12 studies in the publicly available literature have reported data of the venom glands from various scorpion species [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] only provides the first transcriptome data for the T. serrulatus venom gland but also the largest transcript catalogue for scorpion venom glands obtained by Sanger sequencing to date. This work also focused on the discovery of new genes (using the EST approach) which when added to the larger databases will allow for better anchoring of transcriptomic short reads generated by most of the next-generation sequencing (NGS) platforms. In this study, 35 different peptide families, coded by 594 ESTs, were identified as related to venom components. Previous proteomic analysis of T. serrulatus venom [14, 30] has identified many toxins, in addition, venom components that have since been isolated and studied individually [4] [5] [6] [7] [8] [9] 13] . The Animal Toxin Annotation Program (UniProt) [48] , which annotates the secreted proteins in animal venoms, has already identified 32 peptides/proteins in T. serrulatus venom. The current transcriptome analysis identified three precursors of potential new toxins (Ts17, Ts18, and Ts19) and more than a dozen new venom components in T. serrulatus. However, this list is certainly not exhaustive, since a large number of sequences without matches (295 uniques representing 370 transcripts) were found. We intend to continue to explore the entire dataset to identify other new venom components and to verify the biological function and clinical relevance in envenomation for any promising factors.
Some of the venom components previously identified were not identified by the current transcriptome analysis, such as Peptide T (UniProt ID: Q9TWR4), Ts5 (UniProt ID: P45659) and alpha amylase (UniProt ID: P85843). However, the absence of venom components at the transcript level is not a surprising observation. In fact, a previous study in C. noxius indicated that the powerful pyrosequencing platform, producing over three million reads, was unable to detect the entire panel of known toxins [26] . Some hypotheses to explain the transcript absence are: 1) The transcriptomic analysis performed did not provide complete coverage; 2) Toxin genes were down-regulated at the time of RNA extraction or had undergone microRNA-mediated degradation during processing, as suggested by Rendón-Anaya et al. [26] ; and 3) the venom protein/peptide had undergone post-translational modifications that significantly differentiated it from the intact form, as described by Pimenta et al. [14] .
Considering the previously reported protein/peptide compositions of T. serrulatus venom [3, 14, 30] , we expected to find to a high level of neurotoxin expression. Indeed, NaTxs, the main agents responsible for the toxic effects of T. serrulatus envenomation [49] , presented high expression; in particular, this was observed for Ts1 and Ts2. In the current study, NaTx represented about 6% of the total transcripts. However, transcriptome analysis of another scorpion Brazilian species', T. stigmurus, venom gland [25] , showed lower expression levels of NaTxs (1.3% of the total transcripts).The higher expression of NaTxs in T. serrulatus may be related to the higher lethality of this scorpion, as compared to T. stigmurus [25] . KTxs also represented a high number of ESTs in T. serrulatus, representing about 8% of the total transcripts. Specifically, Ts8 and Ts19 were responsible for the higher expression level. However, the overall expression level of KTxs in T. serrulatus was lower than in T. stigmurus, for which KTxs represented 13.5%. The differences in expression level of NaTxs and KTxs between T. serrulatus and T. stigmurus may be speciesspecific or reflect the differences of transcriptional profiles for active and resting venom glands. The T. stigmurus cDNA library was performed for resting venom glands [25] , while the current study used active venom glands.
Another important finding from the current study is the robust expression of some particular components, such as the Pape peptide, AMPs, anionic peptide, and metalloproteases. Although further analysis is required to uncover the precise functions of these venom components in the active venom gland of T. serrulatus, their observed abundance suggests an important role in the biological function of this species' venom gland. Indeed, the Pape peptide and a peptide similar to Ponericin-L1 and Ponericin-L2 were identified in the previous proteomic study of T. serrulatus venom performed by Rates et al. [30] . The current transcriptome analysis identified precursors of both peptides. Interestingly, the Pape peptide represented 8.5% of the total transcripts. This peptide was similar to the BPP found in other scorpion species and Parabutoporin, an antimicrobial peptide identified in Parabuthus schlechteri (Figure 3 ). Despite its higher expression level, the function of the Pape peptide in T. serrulatus venom remains unknown. Besides the Ponericin-like peptide, sequence similar to AMP was found. Various AMPs have been previously identified in the venom of several scorpion species [15, 18, 19] and appear to be highly expressed in the S. jendeki [18] , H. petersii [20] , Isometrus maculatus [23] and T. stigmurus [26] species. While no consensus has yet been reached about the precise functions of AMP in scorpion venom, it is theorized they may act as protectants against bacterial infection or potentiators of neurotoxin action [50] . The demonstrated antibacterial activities of AMPs in animals, plants, and insects have indicated their potential for use as antimicrobial agents [46, [50] [51] [52] . Hence, the AMPs described in the current study might represent potential candidates for anti-infective drugs.
Morgenstern et al. [22] showed a higher abundance of proteases and metalloproteases in the resting venom gland of the Buthidae scorpion. All animals used in the present study had been milked prior to the mRNA extraction, yet the expression level of metalloproteases was as high as some of the NaTx and KTx sequences. Prosdocimi et al. [53] found a similar high expression of metalloproteases (astacin family) in the Gasteracantha cancriformis spider's spinning gland transcriptome, and suggested that these proteins may play a role in the remodelling processes of silk fibre deposition. A higher expression of these proteases was also observed in the L. mucronatus venom, suggesting that these proteins might play a central role in scorpion venom as well [21] . Indeed, several antarease members of the metalloprotease family have been purified from the T. serrulatus venom gland and shown to selectively cleave the essential SNARE protein within mammalian pancreatic tissue; it has been suggested that this function may be responsible for the pancreatitis that develops in some patients following scorpion envenomation [54] . Alternatively, the metalloproteases may play a specific non-toxic role in the scorpion's venom gland. A large number of fragments derived from larger peptides have been found by the proteomic studies of venom glands [14, 30] . It appears that different fragments derived from the same peptide might have distinct biological functions [55] . Hence, we speculate that the protease-mediated fragmentation may act to exponentially increase the diversity of venom peptides and their biological targets.
The scorpion's venom is mainly used for prey capture and defence. The venom gland is a complex organ where a large number of substances are synthesized. Transcriptomic tools have accelerated the description of venom components, greatly expanding the publicly available sequence databases. A large diversity of venom components were found using this approach: NaTxs, KTxs, scorpines, calcines, AMPs, BPPs, anionic peptides, proteases, glycine-rich peptides, phospholipases, lectins, hypotensins [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . In the current transcriptome studythe first of its kind to examine the active venom gland of T. serrulatus-several of these components were found as well as several new components, including potential toxins, AMPs, and cysteine-rich peptides. Another important finding was the surprisingly high transcription levels of some non-neurotoxic components, such as the Pape peptide, AMPs, anionic peptides, metalloproteases, and hypotensins. Overall, this analysis provides a novel and more comprehensive insight into the venom arsenal of T. serrulatus. These data may act as an important resource for future investigations of the evolution of the scorpion venom arsenal, envenomation mechanisms, and discovery of bioactive peptides and proteins.
CONCLUSION
This work represents a step towards better understanding the gene expression profile of the active T. serrulatus venom gland, expanding our knowledge of its peptide and protein content. The transcriptome analysis revealed at least three new precursors of toxins and more than a dozen potential venom components. Besides the more common toxins (NaTx and KTx), some transcripts, such as the Pape peptide, metalloproteases, AMPs, anionic peptides, and hypotensins, presented high expression level. The functions of these components may help to advance our understanding of the biological and molecular processes of the venom gland. The gene expression profile of the venom gland agreed with the activated state of this organ and revealed the activities of protein synthesis and processing and energy supply. Some potential bioactive proteins/peptides (such as Ts17, Ts18, Ts19, and AMPs) described in this work may be an important resource for the investigation and characterization of molecules applicable in pharmaceutical research and biotechnology.
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